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Several endoperoxide compounds are very efficient antimalarial analogues of the natural drug
artemisinin. Quantum chemical calculations have been used to correlate the computed free energies of
the O–O bond with respect to the total number of oxygen atoms contained in the cycle, and with the
size/strain of the cycle (5- or 6-membered cycles). The gas-phase homolysis of the O–O bond has been
studied for five- and six-membered oxygenated cycles which are models of the “real” drugs. Our results
indicate that, in 6-membered cycles, the stability order is the following: 1,2-dioxane > 1,2,4-trioxane >

1,2,4,5-tetraoxane. In cycles containing 3 oxygen atoms, the 5-membered cycle 1,2,4-trioxolane was
found much less stable than its 6-membered counterpart 1,2,4-trioxane. This feature indicates the
possible role of the cycle strain for the O–O bond stability, and may also explain the high antimalarial
activity of some trioxolane derivatives. Similar trends in the O–O bond strength have been found for the
real antimalarial drugs. However, the O–O bond stability is not in itself a decisive argument to
anticipate the antimalarial activity of drugs.

Introduction

Artemisinin, an antimalarial drug extracted from the Chinese
herb Artemisia annua, is highly active against both chloroquine-
sensitive and chloroquine-resistant strains of Plasmodium falci-
parum (Pf), the most virulent species of the malaria parasite,1–3

and Artemisinin Combination Therapies (ACTs) are now recom-
mended (see Scheme 1 for the structure of artemisinin).4,5

Artemisinin is one of the few examples of natural sesquiterpene
containing a 1,2,4-trioxane as a pharmacophore. The removal of
one O-atom of the peroxide bridge is associated with complete
loss of the antimalarial activity of the drug,1,6,7 artemisinin in vitro
activity being higher by three orders of magnitude as that of the
1-deoxy derivative (IC50 value of artemisinin on the chloroquine-
resistant Pf strain FcM29-Cameroon is 11 nM, compared to 5000-
10000 for 1-deoxyartemisinin, Scheme 1).8 Replacement of the non
peroxidic oxygen atom of the trioxane ring of artemisinin, O13,
by a methylene unit has also been carried out.9a The resulting
13-carbaartemisinin (7, Scheme 1), which had no longer trioxane
ring but a 1,2-dioxane, displayed a less potent antimalarial activity
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than artemisinin. However, it was still significantly active, with
an IC50 value of 45 nM on the W2-Indochina strain (25 times
higher as that of artemisinin: 1.7 nM). Many semisynthetic
derivatives modified at C10 were reported as active antimalarial
drugs, among them are the 10-deoxoartemisinin,9b artemisone,9c

and the clinically used artemether and artesunate. Many research
groups have prepared fully synthetic peroxide-containing ana-
logues. Some of these compounds are highly potent antimalarials.
Among them are the trioxaquines containing a 1,2,4-trioxane as
artemisinin does,10–12 1,2,4-trioxolanes such as OZ277,13–15 and
1,2,4,5-tetraoxanes (Fig. 1).16–18

Due to the low energy of their O–O s* LUMO orbital,
organic peroxides are usually unstable and explosive, specially
when heated, and the control of their reactivity is difficult.19,20

Unexpectedly, artemisinin does not decompose at its melting
temperature (156–157 ◦C); it is also stable in solution heated
up to 150 ◦C. The thermal rearrangement and decomposition
products of artemisinin at 190 ◦C have been reported.21 High
melting point without decomposition have also been reported
for OZ277 (160–162 ◦C), 13-carbaartemisinin (160–162 ◦C),9a and
1,2,4,5-tetraoxane RKA182 (179–181 ◦C for the ditosylate salt).18b

Other synthetic trioxanes can be heated up to 180–200 ◦C.22

After more than two decades of intensive studies, the mechanism
of action of artemisinin is still controversial. However, alkylating
species generated by ferrous iron-mediated homolytic cleavage of
the endoperoxide function of artemisinin, in particular the alkyl
radical centered at C4 of artemisinin (or related 1,2,4-trioxanes),
were early proposed to be important (see Scheme 1 for numbering
of atoms of artemisinin).23 We have reported that iron(II)-heme
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Scheme 1 Structures of artemisinin and 13-carbaartemisinin derivatives. Relative antimalarial activities = IC50 of analog/IC50 of artemisinin, on
P. falciparum. Comparison of artemisinin 1 and 1-deoxyartemisinin in reference 8 (FcM29-Cameroon strain); comparison of 1, 6, and 7 in reference 9a
(W2-Indochina strain); comparison of 1 and 10-deoxoartemisinin in reference 9b (W2-Indochina strain).

Fig. 1 Structures of the antimalarial drugs and analogs computed at the B3LYP/6-31+G(d) level: 1,2-dioxanes (A), 1,2,4-trioxanes (B), 1,2,4,5-tetraoxane
(C), and trioxolane (D).
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incubated with artemisinin was readily converted in high yield to
heme-artemisinin covalent adducts resulting from alkylation of
the four meso positions of the porphyrin ligand by the C4-alkyl
radical derived from artemisinin.24–26 The reductive cleavage of
artemisinin is initiated by an electron transfer from the low-valent
iron(II)-heme to the antibonding s* orbital of the peroxide bond.
This reductive activation generates a short lived alkoxy radical
which quickly rearranges, via b-fragmentation, to a C4-centered
primary radical thermodynamically facilitated by the concomitant
formation of an ester functionality.26

The alkylating ability of artemisinin is not limited to this
natural compound. A number of active semi-synthetic derivatives
modified at position C10 (either with a or b configuration)
were found to react in the same way.27–30 Synthetic trioxanes
or trioxolanes were also able to alkylate heme or a synthetic
heme model, and their alkylation ability correlates well with their
antimalarial efficacy.31–34 Supporting this hypothesis, the heme-
drug adducts were detected in the spleen and urine of P. vinckei
infected mice, orally treated with artemisinin, or trioxaquines.34–36

So, the contribution of this process to parasite death is probable.
To our knowledge, the relative stability of the peroxide bond

contained in different hydrocarbon cycles has never been reported.
So, we decided to correlate the computed free energies of the O–O
bond with respect to the total number of oxygen atoms contained
in the cycle, and with the size/strain of the cycle (5- or 6-membered
cycles). In the field of antimalarial drugs, relative stability of
different cycles containing a peroxide bond is important: the
homolysis of the O–O bond is required for biological activity.
However, the greatest possible thermal stability of these drugs is
obviously requested for both a convenient synthesis process and
an easy storage in tropical countries. In addition, the tendency
of the different endoperoxides to reductive activation by iron(II)
was also computed. In this study, our objective was to determine
whether the O–O bond stability/reactivity of the studied drugs can
be significantly correlated to their in vitro antiplasmodial activity.

Results and Discussion

Homolysis of peroxide bond contained in “naked” 5- and
6-membered cycles

First, we computed the energy associated with the homolysis of
the peroxide bond for the simplest 5- and 6-membered cyclic
endoperoxides, which leads to the corresponding diradical species.
We have explored the formation of diradicals either as triplet or
open-shell singlet species. The computed gas-phase total reaction
energy values (DE, zero point energy included) and DG298 free
energies of the homolysis of the O–O bond are gathered in Table
1 for 1,2-dioxane A, 1,2,4-trioxane B, 1,2,4,5-tetraoxane C and
trioxolane D “naked” cycles, i.e. without taking substituents into
account. In each case, the triplet or open-shell singlet ground state
of the produced diradical give rise to two energy values, DE(T-S)
and DE(OS-S), respectively. First set of values has been computed
at the MP2/6-311 + + G** level (Table 1, plain values). In the
case of the 1,2-dioxane, the triplet state of the product is slightly
favored with respect to the singlet state [DE = 40.8 and 39.0 kcal
mol-1 for (T-S) and (OS-S), respectively]. For the three other cycles,
there is no significant difference of energy between the triplet and
open-shell singlet ground states (D £ 0.5 kcal mol-1). So, the energy
values obtained by the MP2 method exhibit the same trend for the
two possible electronic structures of the product.

Interestingly, for the 6-membered rings, the stability of the
peroxide bond follows the order 1,2-dioxane > 1,2,4-trioxane >

1,2,4,5-tetraoxane, with DE(T-S) values = 40.8, 37.7, and 33.3 kcal
mol-1, respectively. As expected, the more oxygen atoms in the
cycle, the weaker O–O bond, due to a lower electron density in
its s-bonding molecular orbital. This is indeed explained using
the second order perturbation theory (SOPT) of the natural
bond orbital (NBO) method, which shows a clear two-electron
delocalization from the s-O1–O2 molecular orbital to the s*
molecular orbital of the adjacent C3–O4 bond of the 1,2,4-
trioxane (associated second order energy of -0.57 kcal mol-1).

Table 1 Gas phase total energies plus ZPVE values of the O–O bond in several oxygenated 5- or 6-membered rings. Plain values are computed at the
MP2/6-311 + + G** level, values in italics computed at the B3LYP/6-311 + + G** level. DG298 free energies are given in parenthesis

Reaction O–O bond order DE (T-S)a kcal mol-1 DE (OS-S)b kcal mol-1

1,2-dioxane A 0.977 + 40.8 (+ 38.7) + 39.0 (+ 37.0)
(0.963) + 24.9 (+ 21.9) + 22.8 (+ 20.7)

1,2,4-trioxane B 0.974 + 37.7 (+ 35.4) + 37.2 (+ 35.2)
(0.960) + 22.0 (+ 19.3) + 20.5 (+ 18.3)

1,2,4,5-tetraoxane C 0.974 + 33.3 (+ 30.8) + 33.3 (+ 31.5)
(0.962) + 17.2 (+ 14.4) + 17.8 (+ 15.1)

1,2,4-trioxolane D 0.971 + 29.3 (+ 27.7) + 29.2 (+ 28.2)
(0.956) + 11.9 (+ 10.1) + 11.8 (+ 10.7)

a Triplet minus ground state energies. b Open-shell singlet minus ground state energies.
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This interaction is not possible in the parent 1,2-dioxane and
as a consequence the O–O bond is weaker in 1,2,4-trioxane
than in 1,2-dioxane. This is nicely reflected in the computed
shorter O1–O2 bond length of naked 1,2-dioxane A (1.456 Å)
compared to trioxane analogue B (1.461 Å). A similar two-electron
delocalization was also found in 1,2,4,5-tetraoxane (associated
second order energy of –0.74 kcal mol-1) justifying the highest
lability of its O–O bond (Fig. 2).

As readily seen in Table 1, the trend of stability found when
one considers the formed diradical as an open-shell singlet is
the same than considering triplets. Thus, 1,2-dioxane exhibits a
significantly higher stability (40.8 kcal mol-1 for its triplet state)
with respect to the 1,2,4,5-tetraoxane (33.3 kcal mol-1), the 1,2,4-
trioxane having an intermediate computed stability (37.7 kcal
mol-1). The 5-membered trioxolane was found the least stable
[DE(T-S) = 29.3 kcal mol-1, compared to 37.7 kcal mol-1 for 1,2,4-
trioxane, its 6-membered counterpart], indicating also that the
cycle strain is probably a major contributor.

We also computed the same systems within the density
functional theory (DFT) framework using the hybrid B3LYP
functional. The obtained gas-phase energy values follows the same
order of decreasing stability: 1,2-dioxane (24.9 kcal mol-1 for the
triplet state) > 1,2,4-trioxane (22.0 kcal mol-1) > 1,2,4,5-trioxolane
(17.2 kcal mol-1) > trioxolane (11.9 kcal mol-1). So, the two
methods used provided fully consistent results which indicates that
the B3LYP method can be used to gain insight into the stability of
the peroxide bond for the more computer-demanding structures
such as the real antimalarial drugs (see below).

The NBO-Wiberg bond order of the O–O bond was not found
significantly different for the four structures (0.960 ± 0.003 when
computed using B3LYP). This is in agreement with the quite
tiny difference found for the O–O bond lengths (see above). This
feature may be indicative of the importance of steric factor, which
is expected in polycyclic and spiro compounds.

Reductive activation of naked peroxides by iron(II)

As stated above, the reductive cleavage of artemisinin is initiated
by an electron transfer from the low-valent iron(II)-heme to
the antibonding s* LUMO orbital of the peroxide bond which
generates a short lived alkoxy radical.26 Thus, we decided to

compute this reductive activation of the peroxide bond to gain
more insight into the antimalarial activity of the studied systems.
To this end, we selected the naked endoperoxides A–D considered
above (Fig. 1) in their reaction with a model of iron(II)-heme
having hydrogen atoms in place of the b-pyrrolic substituent. This
reaction, leading to the iron(III)-heme–alkoxy radicals, is depicted
in Scheme 2.

As our starting FeII-heme model complex resembles to the FeII-
heme in deoxyhemoglobin (or deoxymyoglobin), the high spin
electronic configuration was chosen for this species.37 In fact,
our calculations (UB3LYP/def2-SVP level) clearly indicate that
the low spin complex of the iron(II)-heme model is 32.5 kcal
mol-1 higher in energy than its high-spin counterpart. Similarly,
the high-spin FeIII-product formed after the reductive cleavage
of 1,2-dioxane is 11.9 kcal mol-1 more stable than its low-spin
analogue (only hexacoordination with two strong field axial
ligands, such as CN- or imidazole are known to stabilize low spin
iron(III) porphyrins). So, all the energy values of reductive cleavage
reactions studied herein have been computed using high-spin heme
derivative. For comparison, the reactions using low-spin species
were also computed. All data are gathered in Table 2.

The reductive cleavage reaction leads to the formation of
products whose unpaired electrons are mainly located in the
iron and in the free oxygen atoms (see Fig. 3). For instance,
the computed spin densities for the corresponding FeIII-complex
formed from 1,2-dioxane are 4.16e and 0.88e for the iron ion
and alkoxy radical, respectively [Fig. 3 (A)]. Similar values of the
computed spin density were found for 1,2,4-trioxane, tetraoxane,
and trioxolane (electron densities being in the ranges 4.16-4.18e
on iron and 0.79–0.88e on alkoxy radical). For 1,2,4-trioxane, we
considered both the coordination of iron onto O1 or O2 [Fig. 3
(B1) and (B2), respectively]. The formation of the B1 interme-
diate is indeed the main experimental pathway for activation of
artemisinin in vitro and in vivo,38 but importance of intermediate
B2 was also suggested.23 For the other “naked” endoperoxides
(namely, trioxolane and tetraoxane), due to symmetry of the
structures, coordination of iron onto O1 or O2 leads to the same
alkoxy radicals. Furthermore, the pentacoordinated iron atom
of the product does not lie in the mean plane of the porphyrin
ring, but is located ca. 0.6 Å above the mean porphyrin plane
(Fig. 3).

Fig. 2 Two-electron delocalizations (and associated second order perturbation energies) of 6-membered cyclic endoperoxides.

Scheme 2 Reductive activation of endoperoxides by iron(II)-heme.
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Table 2 Gas-phase energies (in kcal mol-1) of the iron(II)-heme model
(high-spin or low-spin) mediated reductive cleavage of the O–O bond in
several oxygenated 5- or 6-membered rings. All values have computed at
the B3LYP/def2-SVP level

Endoperoxide drug
DE [high spin]a

(DG298), kcal mol-1
DE [low spin]a

(DG298), kcal mol-1

-13.7 -34.3

(-4.0) (-24.0)

Fe coordinated on O1 -18.6 -36.1
(-9.2) (-26.3)

Fe coordinated on O2 (-13.9)
-22.8 -41.7

(-12.8) (-32.8)
-26.1 -54.9

(-16.0) (-45.3)

a Plain values indicate the computed total energies (zero point vibrational
energy included). Free energies (DG298) are given in parenthesis.

The gas-phase total end free energies for the reductive cleavage
of the considered cyclic peroxides are compiled in Table 2 and
Scheme 3. As expected, all the reactions are exothermic due
to formation of the new O–Fe bond. The computed DE and
DG298 energies follow essentially the same trend: the order of
exothermicity is 1,2-dioxane (DG298 = -4.0) > 1,2,4-trioxane (-9.2)
> 1,2,4,5-tetraoxane (-12.8) > trioxolane (-16.0 kcal mol-1).
The exothermicity of the reactions is directly related to the
strength of the peroxide bond, i.e. a weaker O–O bond leads
to a more exothermic transformation. Strikingly, the computed
trend is exactly the same than that found for the non-metal
assisted cleavage of the O–O bond (see above). Therefore, this
result provides further support to the stability order computed for
the gas-phase breaking of the peroxide bond for the considered
antimalarial drugs.

For the case of 1,2,4-trioxane, we also considered the alternative
cleavage of the O–O bond due to complexation of O2 on the iron
atom. The computed numbers indicate that the product formed
in this process is 4.7 kcal mol-1 higher in energy than that where
the O1 is coordinated to iron. This feature is consistent with the
experimental reactivity of heme in the presence of artemisinin and
confirms that the preferred coordination of iron(II)-heme on the
O1 of artemisinin is not due to steric hindrance factors and/or
electronic contribution of the trioxane ring substituents, but also
to intrinsic reactivity of its peroxide bond.

Homolysis of peroxide bond contained in antimalarial drugs

Recent articles report the molecular dynamics and quantum
chemistry calculations of artemisinin O–O bond homolysis, either
in the absence39 or in the presence40 of iron(II) ions, leading to
radical structures which may be deleterious for the parasite. In
the present study, the energy of the homolysis of the peroxide
bond was then computed using B3LYP method for several

antimalarial drugs and related compounds depicted in Fig. 1. For
computational reasons, the side chains of some drugs were omitted
and “minimal structures” retaining the endoperoxide cycle were
considered. The first series is based on a 1,2-dioxane cycle, like
A. The natural yinghaosu 441 and its synthetic mimic arteflene
5,42 which has been under clinical studies in the 1990 s, belong to
this series, as well as the 13-carbaartemisinin 7 and 10-deoxo-13-
carbaartemisinin 6. The entire structures of drugs 5, 6, and 7 were
computed, whereas the minimal structure of yingzhaosu 4m was
retained. The lead compound artemisinin 1 and the trioxanes 2,
cis-3m and trans-3m, which are fragments of the dual quinoline-
trioxane drugs, trioxaquines PA1103 and DU1301, respectively,
belong to the series based on the 1,2,4-trioxane B. The entire
structures of 1 and 2 were computed. Trioxaquines cis-3 and
trans-3 being racemic compounds, the minimal structure of a
single stereoisomer of each was computed in the present study,
namely the trioxanes cis-3m and trans-3m. The tetraoxane 9m
and trioxolane 8m were computed as minimal structures of the
tetraoxane RKA216, 9 (series C) and the trioxolane OZ277, 8
(series D), respectively.

First, the geometry of all structures was optimized at the
B3LYP/6-31+G* level, starting from the X-ray diffraction struc-
tures when they were known.43 The optimized geometries are
reported in Fig. 4. The computed bond lengths and angles are
very similar to the available experimental data. In particular, the
computed O–O bond lengths (in the range 1.458–1.467 Å = 1.463
± 0.005) for all species concur quite well with the experiment (O–
O bond length in the range 1.432–1.480 Å = 1.456 ± 0.024). This
supports the double-x quality basis set B3LYP/6-31+G(d) level,
which was chosen for reducing the computational costs of these
medium-size systems.

Table 3 gathers the change in energy associated to the gas-
phase homolysis of the O–O bond in the antimarial drugs leading
to the corresponding diradical as triplets. As we consider the
breaking of cyclic molecules, the entropic contribution should
be important. In fact, the significant role of the cycle strain was
reported above (Tables 1 and 2). So, comparison of free energies
DG298 (Table 3; figures in the parentheses) is probably more relevant
than comparison of the total energies. In the tetracyclic drugs
derived from artemisinin, the 1,2-dioxane compound, namely
the 13-carbaartemisinin 7 and its 10-deoxy analogue 6, are the
more stable, with DG(T-S)298 values of 25.7 and 27.7 kcal mol-1,
respectively. These values were significantly higher than the value
obtained for the 1,2,4-trioxane parent drug artemisinin 1 (22.8
kcal mol-1). The computed stability of bicyclic 1,2-dioxanes 4m
and 5 is slightly lower as that of 6 and 7, with DG(T-S)298 values
of 23.7 and 24.9 kcal mol-1 for 4m and 5, respectively, but still
higher than that of artemisinin or the 3-spiro-1,2,4-trioxane 2 (20.8
kcal mol-1). Two slightly different DG(T-S)298 values, 18.4 and 18.6
kcal mol-1, were obtained for the 1,2,4,5-tetraoxane 9m, which
contains two peroxide bonds. Optimized geometry of 9m is indeed
slightly deviated from the Cs symmetry, and this feature may be the
cause of two O–O bond strength values which differs of 0.2 kcal
mol-1. The DG(T-S)298 values obtained for the 1,2,4,5-tetraoxane
9m and 1,2,4-trioxolane 8m were 18.4/18.6 and 17.6 kcal mol-1,
respectively, much lower than the O–O bond energy of all the
computed 1,2-dioxane or 1,2,4-trioxane based drugs. The values
obtained for the 3-spiro-1,2,4-trioxanes cis-3m and trans-3m (26.7
and 27.0 kcal mol-1, respectively) are much higher than that of the
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Fig. 3 Fully optimized geometries (B3LYP/def2-SVP) of the complexes formed through the reductive cleavage of the naked cyclic peroxides by the
model FeII-heme complex. Computed spin densities are indicated in brackets.

Scheme 3 Total gas-phase energies of the reductive cleavage of endoperoxides by high-spin iron(II)-heme [DE (T-S), with ZPVE included, in kcal mol-1],
computed at the B3LYP/6-31+G(d) level.

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 4098–4107 | 4103



Fig. 4 Ball & stick representations of 1–9 compounds. All structures correspond to fully optimized geometries at the B3LYP/6-31+G(d) level. O–O
bond lengths are indicated in Å (plain figures), and corresponding NBO-Wiberg bond order values are in parentheses.

other 3-spiro-1,2,4-trioxanes 2 and comparable to the most stable
1,2-dioxane based drugs 6 and 7. Compounds cis-3m and trans-3m
have a 5,6-cyclohexene substituent, while 2 is less substituted with
only dimethyl at position 6. So, on the base of these computed
energies, we can conclude that the decreasing stability of the
peroxide bond follows the same trend found using the naked
simplest cyclic peroxides order: 1,2-dioxane > 1,2,4-trioxane >

1,2,4,5-tetraoxane > 1,2,4-trioxolane for all compounds with the
notable exception of cis-3m and trans-3m.

In addition, the computed bond orders and bond lengths
showed in Fig. 4 are not a clear indication of the computed
bond strength. This feature probably indicate that the O–O bond
strength is also related to the whole structure of the drug, specially
the substitution pattern of each drug and its cycle strain.

As the antibonding s* LUMO orbital of the peroxide bond
has been considered to be involved in the reductive cleavage by

iron(II),26 we were curious to compute the HOMO–LUMO gap
for some representative antimalarial drugs (1, 7, 8m and 9m).
In all cases, both the HOMO and LUMO, which is clearly the
antibonding s* orbital, are located in the O–O bond (Fig. 5 for
drugs 1 and 8m). Interestingly, the computed HOMO–LUMO
gaps are: 6.63 eV (1), 6.25 eV (7), 6.83 eV (8m) and 6.69 eV (9m).
This means that the 1,2-dioxane-based compound 7 exhibits the
lowest HOMO–LUMO gap while the trioxolane 8m presents the
highest computed value. The trend given by the HOMO–LUMO
gap is not exactly the same than that found using the exothermicity
of the homolysis of the peroxide bond.

Correlation with antimalarial activity?

Beyond the comparison of O–O bond stabilities on a theoretical
point of view, it should be interesting to correlate the O–O
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Table 3 Gas phase energy of the O–O bond in antimalarial drugs or models, computed at the B3LYP/6-31+G(d) level. Plain values indicate the total
energies DE (T-S), with ZPVE included. Values in parenthesis are the DG298 free energies

Reaction IC50, relative potencyb DE (T-S)a (DG298), kcal mol-1

1,2,4-trioxane, n = m = 1 100 + 24.5
1 → 1(T) (+ 22.8)
1,2-dioxane, n = 2, m = 0 16c + 29.4
6 → 6(T) (+ 27.7)
1,2-dioxane, n = 2, m = 0 4c + 28.1
7 → 7(T) (+ 25.7)
1,2,4-trioxane, n = m = 1 nd + 23.5
2 → 2(T) (+ 20.8)
1,2,4-trioxane, n = m = 1 [for cis-3a = 138d] + 28.8
cis-3m → cis-3m(T) (+ 26.7)
1,2,4-trioxane, n = m = 1 [for trans-3a = 138d] + 29.0
trans-3m → trans-3m(T) (+ 27.0)
1,2-dioxane, n = m = 1 nd + 25.7
4m → 4m(T) (+ 23.7)
1,2-dioxane, n = m = 1 18e + 27.1
5 → 5(T) (+ 24.9)
1,2,4-trioxolane, n = 0, m = 1 [for 8 = 407d] + 19.7
8m → 8m(T) (+ 17.6)
1,2,4,5-tetraoxane, n = 0, m = 2 [for 9 = 183f] 1st O–O bond:
9m→ 9m(T) + 20.9

(+ 18.4)
2nd O–O bond:
+ 21.0
(+ 18.6)

a Triplet minus ground state energies (in kcal mol-1). b [IC50 (1), nM/IC50 (drug N), nM] ¥ 100, evaluated on the chloroquine resistant W2-Indochina strain
of P. falciparum, except where otherwise stated; nd = not determined. c Reference 9a. d On the chloroquine resistant FcM29-Cameroon strain, reference 8
e Reference 42. f Reference 16; activity evaluated on the chloroquine sensitive strain 3D7.

Fig. 5 Frontier orbitals of compounds 1 and 8m (isosurface value of
0.05 au).

bond energies of drugs with their antimalarial activity. The
relative activity of drugs against a chloroquine resistant strain of
P. falciparum is reported in Table 3, artemisinin being considered
as reference (relative potency = 100). In the series of artemisinin
derivatives, 1, 6, 7, the more active drug artemisinin 1 has also
the lower O–O bond homolysis exothermicity (DG298 = 22.8 kcal
mol-1, relative potency = 100). However, the results obtained
for 6 (DG298 = 27.7 kcal mol-1, relative potency = 16) and 7
(DG298 = 25.7 kcal mol-1, relative potency = 4) do not confirm
a clear correlation between DG298 and antimalarial activity. In

principle, such a correlation must be considered with care. Other
factors than electronic status may indeed play a decisive role for
biological activity. For instance, the steric hindrance in the vicinity
of the peroxide may prevent the innersphere reduction of the O–
O bond by iron(II)-heme.34,46 In addition, some computed model
structures indeed do not exactly fit with real drugs. More generally,
correlation between O–O bond strength and activity cannot be
applied to trioxaquines cis-3 and trans-3 which are dual drugs, the
quinoline fragment indeed being also necessary for antimalarial
activity: cis-3 and trans-3 are much more active (IC50 = 8 nM for
both drugs) than their trioxane fragment 3 (see Fig. 4, IC50 =
155 nM), despite similar O–O bond strengths are expected for 3,
cis-3 and trans-3.

Conclusion

The computational study reported herein clearly indicates that
the thermal homolysis of several endoperoxide structures is well
correlated with their reductive activation by iron(II)-heme. In 6-
membered cycles, the more oxygen atoms in the cycle, the less
stability, meaning that the stability order is the following: 1,2-
dioxane > 1,2,4-trioxane > 1,2,4,5-tetraoxane. In cycles contain-
ing 3 oxygen atoms, the 5-membered cycle 1,2,4-trioxolane was
found much less stable than its 6-membered counterpart trioxane.
This feature indicates the possible role of the cycle strain for the
O–O bond stability, and may also explain the high antimalarial
activity of some trioxolane derivatives.

However, the O–O bond stability of endoperoxide drugs is not in
itself a decisive argument to anticipate their antimalarial activity.
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Other factors may be decisive for in vivo activity, among them
(a) steric hindrance close to the O–O bond that may prevent the
peroxide reduction by iron(II)-heme, (b) ability of the O∑ to produce
C∑, and heme alkylation ability of this latter; for instance, arteflene
is prone to react with FeII but unable to alkylate a heme model,57 (c)
bioavailability and metabolism. In addition, correlation between
O–O bond strength and biological activity cannot be considered
for dual drugs, which have an additional biologically active moiety,
such as trioxaquines. Nevertheless, this approach can help to
design thermally stable peroxide drugs. Beside biological activity,
thermal stability is indeed an important issue for both convenient
synthesis and easy storage of antimalarial drugs.

Experimental Section

Computational Details

All the calculations reported in this paper were obtained with
the GAUSSIAN 03 suite of programs.47 Electron correlation was
partially taken into account using the hybrid functional usually
denoted as B3LYP48–50 and the standard triple or double-x quality
6-311 + + G(d,p) and 6-31+G(d) basis sets.51 For the calculations
involving iron atoms, the double-x plus polarization def2-SVP
basis set for all atoms was used.52 For model compounds, the
MP2 method was also used.53 Triplet and open-shell singlet
species were computed at the unrestricted UB3LYP (or UMP2)
level. Zero point vibrational energy (ZPVE) corrections were
computed at the same level and were not scaled. Calculation of
the vibrational frequencies54 at the optimized geometries showed
that the compounds are minima on the potential energy surface.

The Wiberg bond indices Bi and donor–acceptor interactions
have been computed using the natural bond orbital (NBO)
method.55–58 The energies associated with these two-electron inter-
actions have been computed according to the following equation:

where F is the DFT equivalent of the Fock operator and f and f*

are two filled and unfilled Natural Bond Orbitals having ef and
ef* energies respectively; nf stands for the occupation number of
the filled orbital.

Unless otherwise stated, Gibbs energies DG have been computed
at 298 K. Analytical Hessians were computed to calculate unscaled
zero-point energies (ZPEs), as well as thermal corrections and
entropy effects, using the standard statistical-mechanics relation-
ships for an ideal gas.

Antimalarial Activities

Due to the variability of laboratory strains of Plasmodium, in
most cases, it is difficult to compare the IC50 values reported in
different studies: for instance IC50 of artemisinin is 1.7 or 7.8 nM on
W2.9a In addition, the activity is significantly different according
to the Plasmodium strain used: IC50 of artemisinin is 11 nM on
FcM29 (both W2 and FcM29 are chloroquine-resistant). So, in
this report, antimalarial activities extracted from bibliographic
sources are given as relative potency with respect to artemisinin,
which is used as control drug in all studies. So, the relative potency

of antimalarial drugs reported in Table 3 is calculated as [IC50

(1)/IC50 (drug N)] x 100 for each drug N. IC50 values were measured
on W2-Indochina P. falciparum, except where otherwise stated.
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